Computational Details

Quantum Chemistry Calculation
Core excitation calculations require all-electron basis sets for heavy atoms such as Re, which makes the computational cost prohibitive for the entire system. To make the calculations feasible, we dissected the system into three molecular fragments which represent the Re complex, the tryptophan group, and the Cu complex, out of the original protein structure (PDB id: 2i7o), 1 as shown in Fig. S5 in Supporting Information. The amino acid residues are terminated by methyl groups. Our X-ray pulses generate localized excited states. Since there is a long distance (19.4 We have used the zeroth order regular approximation (ZORA) 35 to account for relativistic eects and a relativistic all-electron basis set SARC-ZORA 6 for Re. The def2-TZVP 7 and 6-311G** basis sets were used for Cu and Cl, respectively. The 6-31G* basis set was used for all the other atoms. Such a large basis set (∼ 800 basis functions for the Re -complex-tryptophan fragment) causes serious SCF convergence diculties. We used the ∆SCF method to obtain the MLCT and Cu (II) state (see intermediate states A, B and D in Fig. 2 in the main text). There is a recent revival in using ∆SCF for excited state calculations. 8, 9 Better results for core and charge-transfer excitations compared with linear response TDDFT can be obtained since complete orbital relaxation is included. We have employed occupation number control and the maximum overlap method 10 as implemented in NWChem 11 to avoid variational collapse and to converge the excited state wavefunctions.
Core excitations were calculated with restricted excitation window time-dependent density functional theory (REW-TDDFT) 1214 and the Tamm-Danco approximation. 15 To better describe the charge-transfer states, the long-range corrected density functional LC-PBE0 1618 was used. The conductor-like implicit solvent model (COSMO) 19 was used to represent the solvent (water) eects. Transition dipole calculation protocols have been documented in Ref. 14, 20 . All quantum chemistry calculations were performed with a locally modied version of the NWChem code. 11
Spectroscopy Signal Calculation
For transient X-ray absoprtion signals (see Eq. 2 in the main text) we use a Gaussian pulse envelope E 2 (ω) = E 2 e −σ 2 2 (ω−ω 2 ) 2 /2 (S1) with σ 2 = 200 as which corresponds to a 10 eV bandwidth (FWHM). The central pulse frequencies for the copper, chlorine, and rhenium L-edge signals are set to 929, 200, and 10,866 eV, respectively. Our pulses are much shorter than the relevant picosecond-to-nanosecond ET timescale. Such short pulses are required not for the time resolution, but for the bandwidth to be broad enough to cover the absorption and emission spectra in order to induce the Raman transitions of interest.
For stimulated X-ray Raman signals we use Gaussian pulses with the same carrier frequencies as in the transient absorption, but a broader bandwidth σ = 100 as. The pump and the probe pulses are parallel polarized and the signals are averaged over a randomly oriented ensemble. Figure S1 : Loop diagrams (left) and pulse sequence (right) for the integrated two-pulse stimulated X-ray Raman Scattering signal. In Ref. 26 this was denoted I2P-SXRS. For diagram rules see. 22 
Loop Diagrams for the SXRS Signal
Sampling Time and SXRS Spectral Resolution
In previous work, 14, 23 we assumed an innite sampling time. In Fig. S2 , we illustrate the eects of a nite-duration sampling period on the resulting SXRS spectrum. The signal was collected in the time domain via Eq. 4 in the main text, using a valence linewidth 
X-ray Raman Spectroscopy with a Broadband and a Narrowband Pulse
This dierent pulse setup compared to Fig. S1 uses three pulses. The rst pulse k 1 is the actinic pump, initiating the electron transfer reaction. After a delay time τ , pulses k 2 and k 3 arrive simultaneously at the sample. Pulse k 2 is narrowband, with frequency ω 2 , and on resonance with a particular core transition. k 3 is broadband and redshifted from the rst as shown in Fig. S3 . The signal is given by the dispersed k 3 pulse spectrum with the Raman pump minus that without. This technique is commonly used in vibrational Raman spectroscopy, where it is known as femtosecond stimulated Raman spectroscopy (FSRS). 25, 26 It is commonly used to report the changing vibrational modes throughout some chemical reaction (i.e. isomerization).
In the X-ray extension of the FSRS technique, herein dubbed AXRS (A for attosecond), it is the response of the valence electrons to transient excitation of the core that is probed.
The Raman pump k 2 promotes a core electron to a virtual orbital. The Raman probe then stimulates a valence electron to ll the core hole. Since the Raman pump and probe do not overlap in frequency, the electron that lls the core hole will come from an occupied valence orbital. The broad bandwidth of the Raman probe stimulates many such transitions, and the signal will contain peaks where ω 2 − ω = ω ca , where ω is the dispersed frequency and ω ca is a valence excitation frequency.
The general expression for the signal is given by Eq. (11) of Ref. 26 Here we do not treat the interaction with the actinic pump explicitly. Rather, we take the results from the kinetic model described above and assume that the electronic Hamiltonian does not change considerably during interaction with the Raman pump and probe. This assumption is well justied, as the X-ray Raman process is limited by the core lifetime (∼ 5 fs), and the nuclei do not move signicantly during that time.
The signal is given by
By selecting k 3 (ω) is to the red of k 2 (ω), and they do not overlap. As we can see from Eqs.
S3, under the condition that k 3 (ω) is only nonzero for frequencies below ω 2 , S i corresponds to a Stokes process (ω ca > 0), and S ii corresponds to an anti-Stokes process (ω ca < 0). S i therefore represents time domain RIXS, where we use shaped pulses (broad and narrow) to discriminate against elastic contributions. Fig. S4 shows the AXRS signal taken at the copper L-edge for the two dierent oxidation states. We can see that the AXRS and SXRS signals are very similar. The dierences arise from the dierent weighting applied by the broadband pulse envelopes. Note that the SXRS signal in the lower right panel of Fig. S4 , the low-energy peaks between 1 and 2 eV are dominant, while in the AXRS signal they are weaker than the peaks between 3 and 4 eV.
This is due to the fact that, in AXRS the broadband pulse is chosen to not overlap with the narrowband frequency, resulting in a discrimination against low-frequency terms. There is no such spectral selection in SXRS. Video S1
We include a movie le to show the correlation between the electronic density and the SXRS signals. In this movie, the top row shows the time-dependent electron density dierence, which has the ground-state density subtracted out, for the three molecular fragments: the rhenium complex on the left, the chlorine-substituted tryptophan in the middle, and the copper complex on the right. Red denotes a negative sign (hole) and blue denotes a positive sign (electron). The middle row shows the interpulse delay and the time-dependent populations of the various species involved in the ET process. The bottom row shows the SXRS signals at the rhenium, chlorine, and copper L-edges.
Molecular Fragment Model of the Re-modied Azurin System Figure S5 : Molecular fragment model of the Re-modied azurin system. On the left is the Re-complex, in the middle is the tryptophan bridge, and on the right is the Cu-complex. O is in red, Re is in light blue, N is in deep blue, Cl is in green, S is in yellow, Cu is in pink and C is in gray. All H atoms are omitted for simplicity.
